The RNA recognition motif (RRM), one of the most common RNA-binding domains, recognizes singlestranded RNA. A C-terminal helix that undergoes conformational changes upon binding is often an important contributor to RNA recognition. The N-terminal RRM of the U1A protein contains a C-terminal helix (helix C) that interacts with the RNA-binding surface of a -sheet in the free protein (closed conformation), but is directed away from this -sheet in the complex with RNA (open conformation). The dynamics of helix C in the free protein have been proposed to contribute to binding affinity and specificity. We report here a direct investigation of the dynamics of helix C in the free U1A protein on the nanosecond time scale using timeresolved fluorescence anisotropy. The results indicate that helix C is dynamic on a 2-3 ns time scale within a 20°range of motion. Steady-state fluorescence experiments and molecular dynamics simulations suggest that the dynamical motion of helix C occurs within the closed conformation. Mutation of a residue on the -sheet that contacts helix C in the closed conformation dramatically destabilizes the complex (Phe56Ala) and alters the steady-state fluorescence, but not the time-resolved fluorescence anisotropy, of a Trp in helix C. Mutation of Asp90 in the hinge region between helix C and the remainder of the protein to Ala or Gly subtly alters the dynamics of the U1A protein and destabilizes the complex. Together these results show that helix C maintains a dynamic closed conformation that is stable to these targeted protein modifications and does not equilibrate with the open conformation on the nanosecond time scale.
The RNA recognition motif (RRM) is the one of the most common RNA binding domains and is found in nearly all proteins involved in post-transcriptional gene expression. [1] [2] [3] [4] [5] [6] The R R secondary structure of the RRM assembles into an RNA binding platform made up of a four-stranded antiparallel -sheet, supported through an extensive hydrophobic core by two R helices. 7 The RRM is modulated in different proteins to recognize single-stranded RNAs with diverse sequences and in a variety of structural contexts. While specific amino acid sidechains are observed to contact RNA in structures of RRM-RNA complexes, more subtle structural factors, including conformational changes and dynamic processes, may also be important contributors to binding affinity and specificity. 4, 8, 9 A C-terminal helix that contributes to complex formation is often present in RRMs. This C-terminal helix plays diverse roles in different RRMs. For example, in the U1A protein, helix C changes position upon binding RNA. 10, 11 In contrast, in CstF-64, helix C unfolds upon binding, 12, 13 while in the Sex lethal, HuD, nucleolin, and Poly(A)-binding protein RRMs, unstructured C-terminal regions form helices upon binding RNA. [14] [15] [16] [17] [18] Thus, the C-terminal amino acids of RRMs comprise a variable region that may contribute to specific RNA recognition through participation in dynamical processes. In this paper, we report the characterization of the dynamics of the C-terminal helix of the U1A protein using time-resolved fluorescence anisotropy.
The U1A protein is a component of U1 snRNP, a subunit of the spliceosome. 19, 20 U1A binds with high specificity to two related target sites, stem loop 2 of U1 snRNA (SL2 RNA) and an internal loop region in the pre-mRNA of U1A. [21] [22] [23] Although U1A contains two RRMs, only the N-terminal RRM has been observed to bind RNA. 24, 25 The N-terminal RRM of U1A has been structurally characterized free and bound to SL2 RNA by X-ray crystallography and NMR spectroscopy. 10, 11, 26 A comparison of the free and bound structures suggests that recognition requires extensive conformational changes in both the protein and RNA. A significant component of the protein conformational change occurs in the orientation of helix C (D90-K98) ( Figure 1 ). In the NMR structure of U1A in the absence of RNA, helix C interacts with conserved residues in the RNA binding region on the surface of the sheet that is the primary site of RNA recognition, 10 while in the complex helix C is positioned away from the -sheet surface. 11 The role of the conformational change of helix C in complex formation is not clear. For example, the protein may be captured by the RNA while helix C is transiently in the open conformation or the RNA may induce the observed conformational change upon binding. Energy calculations based on molecular dynamics (MD) simulations have suggested that the stabilities of the open and closed structures are comparable. 27 The X-ray structure of a construct of the free protein with a relatively short helix C sequence showed that helix C is in the open conformation, supporting the result from MD studies that the open and closed structures are of similar stabilities. 26 Fluorescence and NMR experiments and MD simulations have suggested that helix C retains significant flexibility in the free U1A, although the time scale and range of dynamical motion has not been wellcharacterized. [28] [29] [30] Mutational studies have shown that helix C contributes to binding affinity and specificity of the U1A protein for SL2 RNA and participates in cooperative networks of interactions with other residues involved in RNA binding. 31, 32 Studies using NMR, MD, and reorientational eigenmode dynamics techniques have suggested that these cooperative networks may originate in correlated dynamics involving helix C. 30, [33] [34] [35] Thus, the dynamical properties of helix C in the free protein are likely to make important cooperative contributions to RNA recognition by the U1A protein.
In this paper, we report time-resolved fluorescence anisotropy experiments of a U1A construct containing Trp in helix C to directly investigate the dynamics of helix C on the picosecond to nanosecond time scale and to probe the influence of protein mutations on the dynamics of helix C. The identification of the segmental dynamics of helix C in the U1A protein is supported by comparison to a U1A protein labeled with Trp in the stable -sheet, rather than the C-terminal helix. The data suggest the cone angle of motion of helix C to be 20°, which is similar to the cone angle predicted from molecular dynamics simulations performed on the U1A protein. 27, 36 Mutation of an amino acid on the surface of the -sheet that contacts helix C or an amino acid in the hinge region between helix C and the remainder of the protein destabilizes the complex, but does not dramatically alter the dynamics of helix C. Together these results suggest that helix C is not equilibrating between the closed and open form on the nanosecond time scale, but is undergoing a more limited degree of dynamical motion within the closed conformation that is relatively insensitive to mutation of residues that contact the helix or link the helix to the remainder of the protein.
Materials and Methods
General. Commercial reagents were used as received. DNA oligonucleotides and primers were purchased from QIAGEN and Integrated DNA Technologies (IDT). Sequencing was performed at UPenn, and mass spectrometry was performed at UIUC.
Protein Purification. An expression vector for the N-terminal RRM of the U1A protein, U1A101, was obtained from Nagai. 37 Lys98Trp, Ala95Trp, Gly99Trp, Phe56Ala, Asp90Gly, and Asp90Ala mutations were introduced using standard Kunkel mutagenesis procedures. 38 The proteins were expressed and purified as reported previously. 39 The concentration of each protein was determined by amino acid analysis and the molecular weight by MALDI mass spectrometry.
Equilibrium Binding Assays. The equilibrium binding of SL2 RNA to the U1A protein was monitored by electrophoretic gel mobility shift assays. 32 P-labeled SL2 RNA (0.025 nM) was incubated with competitor tRNA (1 mg/mL) and varying amounts of U1A protein for 30 min at room-temperature in a buffer containing 10 mM Tris-HCl, pH 7.4, 0.5% Triton X-100, 1 mM EDTA, and 250 mM NaCl. After the addition of glycerol to a final concentration of 5%, the bound and free RNA were separated using an 8% polyacrylamide gel (80:1 acrylamide/ bisacrylamide, 15 cm × 40 cm × 1.5 mm) in 100 mM Trisborate pH 8.3, 1 mM EDTA, 0.1% Triton X-100 for 35 min at 350 V. The temperature of the gel was maintained at 25°C by a circulating water bath. Gels were visualized on a molecular dynamics storm phosphorimager. Fraction RNA bound versus protein concentration was plotted and curves were fitted to the equation: fraction bound ) 1/(1 + K d /[P] T ). All binding measurements were performed with a greater than 10-fold excess of protein over RNA in each binding reaction used to determine the K d so that [P] would be approximately equal to [P] total . Representative gel mobility shift assays and plots illustrating fraction RNA bound as a function of U1A concentration are shown in Figure 3 . Dissociation constants and binding energies are listed in Table 1 .
Circular Dichroism Spectroscopy. CD spectra were recorded on a Jasco J-810 CD spectrometer equipped with a Peltier temperature controller and Spectra Manager program. CD spectral scans were recorded from 190 to 300 nm in 0.1 nm increments with a scanning speed of 50 nm/min and a 8 s response time using rectangular cells with a 0.2 cm path length.
Steady-State Fluorescence Measurements. Steady-state fluorescence experiments were carried out on a FluoroMax-3 Spex spectrofluorometer from Jobin Yvon Inc. Experiments were performed at 25°C in 50 mM KCl, 10 mM K 2 PO 4 , pH 7.4. Excitation and emission slits were set to 4 and 8 nm, respectively.
Lifetime Measurements and Time-Resolved Anisotropy. Fluorescence lifetimes and anisotropy decay were measured using time-correlated single photon counting (TCSPC). The excitation laser system consists of a cw mode-locked Nd:YAG laser (Coherent Antares) which was frequency doubled to 532 Figure 1 . Diagram of the superposition of the free and bound conformations of the U1A protein. 10, 11 The darker diagram is the structure of the free form of U1A, while the lighter diagram is the structure of U1A in complex with SL2 RNA. a KD values are the average of at least three independent experiments. Standard deviations determined from the independent measurements are reported. b ∆G is the free energy of association of the complex.
nm and used to synchronously pump a cavity dumped dye laser. The dye laser was operated at 3.8 MHz and produced a total power of approximately 100 mW at 610 nm with a pulse width of 10 psec. The dye laser was frequency doubled in KDP to produce the 305 nm UV used for excitation with an average power typically less than 1 mW. The UV passed through a vertically oriented polarizer to ensure complete polarization and then was directed to the sample cuvette. Fluorescence was collected and collimated at right angles with f/1 optics and then focused with an f/7 lens onto the entrance slit of a 0.1 meter monochromator (ISA, Inc., model DH-10). A large aperture sheet polarizer was placed in the detection path. The orientation of the analyzing polarizer was computer controlled. After the analyzing polarizer, but before the entrance to the monochromator, a quartz depolarizer (Karl Lambrect Corp.) was placed to minimize any polarization bias effects in the monochromator and detector. The detector was a microchannel plate photomultiplier (Hamamatsu Inc. R1564U-06). The signal was collected in the single photon counting mode and capture by a PC-based multichannel analyzer (FAST ComTec, GmbH). Typical fluorescence decay curves consisted of 8192 time channels over a total range of 50 nsec with the counts in the peak channel of the parallel component accumulated to a total of 20 000. A typical experiment consisted of acquiring data with the analyzing polarizer alternatively oriented parallel, magic angle, and perpendicular. Each orientation was sampled for 20 s and the process repeated until the counts in the peak channel for the parallel signal was 20 000 counts. A number of emission wavelengths were measured but no systematic difference was noted with wavelength so the majority of the data was taken at 380 nm. The system response function was acquired periodically by measuring scattered light from a colloidal suspension. The typical response function had a full width at half-maximum (fwhm) of approximately 80 ps and it was used in the fitting process to deconvolute the molecular response from the measured experimental decay curves.
The fluorescence decay curves were fit using the commercially available program Globals Unlimited. 40 It was found that a three exponential decay model was required to adequately fit the magic angle tryptophan fluorescence decay data, which is consistent with the previously reported measurements on F56W U1A by Hall et al. 28 The criteria for a good fit were the 2 values and a visual inspection of the residual. Using a twocomponent, or less, exponential fit led to significantly worse values of 2 and resulted in the residual having a noticeable systematic variation. Typical values of 2 ranged from 1.03-1.30 ( Table 2) .
The time dependent anisotropy was fit using the parallel and perpendicular data sets. The time dependent anisotropy is defined as follows:
The experimentally measured anisotropy decay, r(t), is typically modeled as the sum of one or more exponential decay terms.
Where r 0 is the limiting anisotropy (0.4 for parallel absorption and emission transition dipoles), i is the index for the number of exponentials contributing to the observed signal (2 or 3 for this work), i are the weighting factors for each contributing exponential, and θ i is the rotational correlation time for component i. The sum of the coefficients, i , is normalized to one,
The molecular motions associated with loss of anisotropy are not directly given by the above model but are somewhat more complicated because the chromophore is possibly subject to several dynamical processes simultaneously which can lead to a loss of anisotropy. For the tryptophan considered in this work we identify three types of motion that are possible (although not always observed for each protein). The fastest motion is the local tryptophan motion due to rotation about its C R -C and C -C γ bonds, to which we will ascribe a rotational correlation time of θ L (local motion). The intermediate timescale motion is the segmental motion due to fluctuations in the local structure or internal motions of the protein. This intermediate time scale will be designated θ S (segmental motion). The slowest motion will be the overall rotation or tumbling of the molecule, which is designated θ R (rotational motion). The overall time dependent anisotropy in terms of these molecular motions can then be written as follows:
This can be rearranged to With reference to eq 1:
From the above expressions we can determine θ L , θ S , and θ R in terms of the experimentally measured correlation times.
In one case only a two component decay is observed and this is ascribed to the absence of any appreciable segmental 
motion. The data from the time-resolved anisotropy measurements are listed in Table 3 . The errors reported in Tables 3 and 4 are the standard deviations of multiple data sets with 3 to 10 individual experiments. In almost all cases these errors bars exceed the statistical errors reported by the fitting program for each individual fit but were typically consistent in magnitude.
Solvent Accessibility Calculations. Estimations of the solvent-accessible surface area (SASA) on a per-residue basis were computed from a 5 ns MD simulation of wild type U1A protein 36 by recursively approximating a sphere around an atom starting from an icosahedra using the ICOSA keyword in Amber8. 41, 42 Snapshots for analysis were collected at 20 ps intervals over the stable final 3 ns of the simulation for a total of 150 snapshots. The SASA values were normalized by the extended Ala-X-Ala SASA values for each residue, X. 43 
Results

Selection of Positions To Incorporate
Trp in Helix C of the U1A Protein. The first objective was to establish if there was a measurable anisotropic fluorescence decay associated with the motion of helix C of U1A. The fluorescent label Trp was introduced into helix C at three positions, Ala95Trp, Lys98Trp, and Gly99Trp, which were chosen to minimize disruption to the free or bound structures, while being positioned within or adjacent to the well-structured part of helix C (Figure 2) . The anisotropy decay signals from different labeled proteins were compared to distinguish between contributions from the motions of the indole side chain, which may differ between the three positions, and the motion of helix C, which should remain constant in the three labeled proteins. The binding of Lys98Gln U1A protein for SL2 RNA has been found previously to be 10-50-fold weaker than that of the wild-type protein, 37 while deletion of residues 98-101 reduced binding affinity only 2-fold. 32 The binding affinities of U1A proteins containing mutations of Ala95 or Gly99 have not been reported previously.
Characterization of U1A Proteins Containing Trp Labels. Circular dichroism (CD) spectra of the wild type and Trp-labeled U1A proteins (amino acids 2-102) were similar and stable until 80°C, suggesting that the three Trp-labeled proteins are stably folded with structures that are similar to the wild-type protein.
Gel mobility shift assays were performed to investigate the effect of the Trp substitutions on the ability of the proteins to bind RNA. The binding affinities of the labeled proteins were within error of that of the wild-type U1A Lys98Trp ( Figure 3 and Table  1 ). Thus, the CD and binding experiments suggest that the Ala95Trp, Lys98Trp, and Gly99Trp U1A proteins are similar to the wild-type protein. We performed most of the experiments reported here with U1A proteins labeled with Lys98Trp because the Trp label is one residue closer to the main body of the protein than in Gly99Trp, and preliminary CD experiments on peptide models of helix C suggested that the helix containing the Ala95Trp substitution may be less structured than helices containing Lys98Trp or Gly99Trp substitutions. Table 3 because these values are from single data sets, whereas Table  3 presents the average of a number of data sets. (Figure 2 ). 44 As a control for the fluorescence experiments, we investigated a U1A mutant containing Trp in the -sheet, rather than in helix C, Phe56Trp (Figure 2 ). We previously have found that the Phe56Trp mutation does not alter the stability of the complex within experimental error. 39 The fluorescence properties of this protein have been reported previously by Hall and co-workers. 28 The emission maximum of the Phe56Trp U1A protein is significantly blue-shifted compared to the proteins containing Trp in helix C (Figure 4 ). In addition, the emission maximum varies with excitation wavelength (data not shown). These results are similar to those reported previously and indicate that the Trp in Phe56Trp is less solvent accessible than those in the Ala95Trp, Lys98Trp, or Gly99Trp proteins, presumably in part due to interactions between the surface of the -sheet and helix C.
Time-Resolved Fluorescence Anisotropy Measurements. Time-resolved fluorescence anisotropy experiments were performed on the U1A proteins labeled with Trp in helix C to probe helix C motion (Tables 3 and 4 and Figure 5 ). Time-resolved fluorescence anisotropy is a well-established method to measure dynamics on the picosecond to nanosecond time scales in proteins and protein-nucleic acid complexes. [45] [46] [47] [48] [49] For example, methods that are similar to the ones reported here have been used to characterize segmental motion of R-helix N in DNA polymerase . 47 We performed experiments with both Lys98Trp and Gly99Trp U1A proteins, because we expected that comparison of the data from proteins labeled at two positions in helix C would contribute to a reliable assignment of the segmental dynamics of helix C. In addition, several anisotropy experiments were run on the Ala95Trp mutant and the results were similar to the Lys98Trp and Gly99Trp mutants, although not reported in detail since they were run at an earlier time using slightly different experimental methodologies. As a control experiment for the anisotropic decay associated with helix C motion, we investigated the U1A mutant containing Trp in the -sheet, rather than in helix C, Phe56Trp. The time-resolved fluorescence of the Phe56Trp U1A protein has been characterized previously by Hall and co-workers, forming a data set to contrast with the data we have obtained. 28 Substituting Trp into the relatively rigid -sheet should eliminate any anisotropic decay associated with helix C, while other decay components, such as molecular rotation of the protein, should be similar, although not necessarily identical, to those of the proteins labeled in helix C.
During the analysis of the data from the Lys98Trp or Gly99trp proteins, distinguishing a two-component anisotropy fit from a three-component fit was initially troublesome. The 2 values obtained from a three-component fit were typically not significantly better than the 2 values for a two-component fit. However, the numbers obtained from the two-component fits did not make physical sense because the long component, which should be due to overall molecular rotation, was typically significantly shorter than previously measured 28 and shorter than that expected based on simple hydrodynamic calculations. As an example, Table 4 shows a comparison of the anisotropy fitting parameters for the Phe56Trp and Lys98Trp U1A mutants and the double mutant Phe56Ala/Lys98Trp. A two-component fit for the Phe56Trp mutant, in which the Trp is located on the -sheet, gives a reasonable two-component fit with a long component (7.06 nsec) that is consistent with the published values 28 and the expectation from hydrodynamic estimates. 44 A three-component fit converged with two components being the same, thus yielding similar values to the two-component fit. The mutants containing Trp at position 98 showed an unreasonably fast long component (4.51 nsec as shown in Table  4 ) when a two-component fit was used. A three-component fit yielded a slightly improved 2 value and a more reasonable and consistent value for the long component of ∼7 ns. The third anisotropy component was approximately 2 nsec and is interpreted as the segmental motion of helix C.
It might be argued for the Lys98Trp mutants that the ∼4 ns long component obtained with the two-component fit is due to a different orientation of the Trp with respect to the rotational axes of the molecule, as compared to Trp at the Phe56 position. However, the Gly99Trp U1A proteins in which the Trp probe in helix C is likely to be in a different orientation with respect to the rotational axes of the entire protein compared to Lys98Trp, exhibited the same behavior as the Lys98Trp U1A and gave similar three component anisotropy fits (Table 3 ). This supports the proposal that the measured anisotropy behavior is characteristic of the helix motion and not just the local environment of the Lys98Trp species. Direct inspection of the time-resolved anisotropy function, r(t), is also useful for establishing the need for three anisotropy decay components. Figure 6 shows the natural log of r(t) for the Phe56Trp, Lys98Trp, and Lys98Trp/Phe56Ala mutants. All three exhibit a fast component at early time and a substantial long time component that appears as a straight line in the log plot. The long component of the Phe56Trp mutant has a single, linear long time component which spans the entire time scale, except where it meets the fast time component at early time (∼0.2 nsec). The log plots for the Lys98Trp and the Phe56Ala/ Lys98Trp mutants exhibit a similar long time component, but also show significant curvature in the region between 0.2 and 1.5 nsec. Thus, the three-component fit is justified for the U1A proteins labeled in helix C, with the intermediate component assigned to be the segmental motion of helix C.
Estimating the Cone Angle of Helix C Motion. A simple model for hindered rotational motion in a cone was used to estimate the range of motion of helix C from the loss of anisotropy associated with its motion. Using the equation shown below and the correlation time of helix C motion determined for Lys98Trp, we estimated the cone angle of motion of helix C to be 20°.
As defined in eq 1, r ∞ is the anisotropy at t ) ∞ and r 0 is the anisotropy at t ) 0. On the basis of this cone angle, we determined that the motion of helix C observed on the 
The estimates of the cone angle of helix C are consistent with the results of MD simulations on the wild-type protein reported previously. 27, 36 The MD simulations showed the helix moving not simply in an angular fashion but as a combination of an angular motion with a translation across the face of the -sheet ( Figure 7 ). An estimate of the angular part of this motion gave good agreement with our measured value of 20°.
An analysis of the solvent accessible surface area of Phe56, Lys98, and Gly99 from the MD simulation of the wild typeprotein was performed. The solvent accessibility of these residues compared to an interior residue, Leu30, and a solvent exposed residue, Ser91, over the last 3 ns of the simulation is shown in Figure 8 . The SASA values were normalized by the extended Ala-X-Ala SASA values for each residue. These data show that Phe56 is sequestered from solvent compared to Lys98 and Gly99 and that Lys98 is nearly as solvent exposed as Ser91. This result is consistent with the blue-shifted emission wavelength of the Phe56Trp protein relative to the Lys98Trp and Gly99Trp proteins and with previously reported acrylamide quenching experiments, which showed that Phe56Trp is sequestered from solvent relative to other positions of Trp labeling. 28 Thus, it is our view that the observed motion of helix C in these experiments is a fluctuation within the closed form.
Mutations of the U1A Protein. Three mutations were incorporated into the Lys98Trp U1A protein to probe the contributions of residues on the surface of the -sheet and in the hinge region between helix C and the -sheet to the dynamics of helix C and the stability of the complex ( Figure  9 ). The first mutation examined was Phe56Ala. In the closed form of U1A, helix C interacts with the surface of the -sheet, forming a small hydrophobic core between Ile93, Ile94, Met97, Phe56, Leu44, and Ile58. 10 Phe56 stacks with A6 in the loop of SL2 RNA in the complex. 11 The substitution of Ala for Phe56 could change the interactions of helix C with the -sheet, leading to altered helix C dynamics. The second position of mutation was Asp90, which is located in the hinge region between helix C and the -sheet. This residue, along with Thr89 and Ser91, undergoes large rotations of Ψ and Φ angles upon binding to RNA. 10 The backbone carbonyl of Asp90 hydrogen bonds to the exocyclic amine of C7 in SL2 RNA in the complex. 11 Two mutations were introduced at this position: Asp90Ala and Asp90Gly. The Asp90Ala substitution replaces the charged side chain with a small, aliphatic residue, while the Asp90Gly substitution was expected to not only eliminate the side chain, but also add significant flexibility to the hinge region.
The overall structural integrity of the mutant U1A proteins and their ability to bind RNA was investigated using CD spectroscopy and gel shift assays, respectively. The CD spectra of the three mutants were similar to those of the Lys98Trp and wild type U1A proteins, suggesting these mutations do not cause large alterations of protein structure. The binding affinity of the Lys98Trp/Phe56Ala protein for SL2 RNA is very weak, which is consistent with that measured previously for the F56A protein. 50 The complexes formed with the Asp90Ala/Lys98Trp and Asp90Gly/Lys98Trp proteins were destabilized by 1.5 and 3.1 kcal/mol, respectively, compared to the complex formed with the Lys98Trp protein ( Table 1) .
The steady-state fluorescence spectra of the Phe56Ala, Asp90Ala, and Asp90Gly U1A proteins are shown in Figure  10 . The emission maxima of these proteins are similar to that of the Lys98Trp protein. Interestingly, the emission maxima of the Phe56Ala and Asp90Gly protein shift to longer wavelength Figure 6 . Natural log of the time-resolved anisotropy function, r(t), for the F56W, K98W, and F56AK98W U1A proteins. The r(t) data was smoothed using a 10 point weighted average prior to taking the logarithm.
ynamics of Helix C of the U1A Proteinwith increasing excitation wavelength, similar to the Phe56Trp protein. These data may indicate an alteration in the environment of Trp98 upon incorporation of these mutations into the protein.
The time-resolved decay data for these proteins are similar to those of Lys98Trp U1A protein discussed previously ( Table  2 ). The observation that the fluorescence decay is not altered by the Phe56Ala or Asp90Gly mutations is similar to the results of an investigation of the effects of eliminating helix C on the fluorescence of Phe56Trp U1A. 28 In this investigation, the steady-state fluorescence, but not the decay data, of Phe56Trp were altered by the deletion of helix C, suggesting a weak interaction between helix C and the surface of the -sheet. Only the Asp90Gly mutant contains two values, that for R 1 and τ 3 , that are outside of the experimental error of the measurements for the Lys98Trp protein. 
Discussion
The data presented here suggest that helix C of the N-terminal RRM of the U1A protein is dynamic in the closed conformation on a 2-3 ns time scale with a limited range of motion estimated to be 20°. The position of labeling was chosen to be directed away from the surface of the -sheet to isolate the dynamic contributions of helix C from complications in spectral interpretations due to interactions of the fluorophore with the surface of the -sheet. Consistent with this design, the steady-state fluorescence measurements suggest that the Trp fluorophores in Lys98Trp and Gly99Trp are solvent exposed, and binding measurements indicate that these substitutions do not alter interactions with RNA. Comparison with the steady-state fluorescence spectrum of the Phe56Trp U1A protein suggests that while helix C is likely to be interacting with the surface of the -sheet, and thus, altering the fluorescent properties of Phe56Trp, these interactions do not alter the spectral properties of Lys98Trp or Gly99Trp. A solvent accessibility analysis of the MD simulation suggests that Phe56 is sequestered from solvent even though helix C is dynamic. Together, these data indicate that helix C is dynamic within the closed conformation and is not exchanging between the closed and open forms on the nanosecond time scale.
These results contribute to a developing understanding of the dynamics of helix C in the U1A protein and the roles of these dynamic processes in complex formation. A previous investigation explored indirectly the dynamics of helix C with timeresolved fluorescence measurements of the Phe56Trp U1A mutant. 28 Analysis of steady-state fluorescence data and acrylamide quenching experiments indicated that solvent exposure of Trp56 increased significantly upon truncation of helix C. The emission maximum shifted to longer wavelength as the excita- Figure 7 . Overlay of structures obtained from the MD simulation of U1A protein. 27, 36 Snapshots were collected once every 500 ps over the 5 ns trajectory and oriented by superposition of the C-R atoms of the R R motif. Helix C is indicated by narrow rods that span the range of grayscale from white at 0 ns to black at 5 ns to track the motion of the helix over the course of the simulation. tion wavelength was increased for U1A(2-102), but not for the protein lacking helix C, U1A(2-93). The authors concluded from these observations that helix C is dynamic on the nanosecond or longer time scale. However, the deletion of helix C did not alter the time-resolved fluorescence parameters of Trp56 or the time-resolved anisotropy decay of the Phe56Trp protein, suggesting that the interaction between Trp56 and helix C is weak. NMR characterization of the dynamics of the U1A protein suggested that helix C is dynamic and, in particular, exhibits motions on the micro to millisecond time-scale in the U1A(2-102) construct, 29 which is a time scale not probed by timeresolved fluorescence anisotropy experiments. The results from the experiments described here define more directly the motions of helix C and show that helix C is dynamic, as suggested by previous experiments, but within a limited range of motion on the nanosecond time scale.
The observation that the Phe56Ala mutations do not alter the dynamics of helix C suggests that the greater than 100000-fold destabilization of the complex that results from the Phe56Ala mutation is not due to a change in the dynamics of helix C in the free protein on the picosecond-nanosecond time scale. Previous investigations of the kinetics of association and dissociation of the U1A-RNA complex have shown that the Phe56Ala mutation only affects the dissociation rate, but not the association rate, of the U1A-SL2 RNA complex. 52 Thus, the destabilization of the complex upon mutation of Phe56 to Ala most likely results from changes in the energetics of the complex.
The small effect of the Asp90Ala or Asp90Gly mutations on the dynamics of helix C is consistent with helix C undergoing limited dynamical motions on the nanosecond time scale instead of equilibrating between open and closed conformations that would require large conformational changes of Asp90. Although both mutations destabilize the complex, as expected, the Gly mutation destabilizes the complex more than the Ala mutation. Both mutations may alter the flexibility of the hinge region, thus changing the energetics of the conformational change required upon binding, or the hydrogen bond formed between the backbone carbonyl of Asp90 with C7 in SL2 RNA. These substitutions may also alter local dynamics in the hinge region and thus weaken the interactions of adjacent amino acids (Ser91 and Thr89) with the RNA target.
Conclusions
Short time-scale dynamic processes, like those identified here for helix C, have been shown to have important roles in ligand binding 53, 54 and enzyme catalysis [55] [56] [57] and have been suggested to contribute to longer time-scale dynamic processes on the micro-and millisecond time scale. [58] [59] [60] [61] Thus, the dynamics of helix C investigated here may contribute to the conformational change away from the surface of the -sheet required upon binding, even though the time scale of this conformational change may be longer than is detected by time-resolved anisotropy experiments. In addition, a relationship has been implicated between dynamic processes on the pico-to nanosecond time scale and the propagation of the long-range signals required for cooperative interactions. 34, 35, [62] [63] [64] Because conformational changes in C-terminal helices upon complex formation are common in the formation of RRM-RNA complexes, the variation of the dynamics of this region of RRMs may be an important mechanism for gaining affinity or specificity for RNA targets. 
